Micropfitis demolitor is a polydnavirus-carrying wasp that parasitizes the larval stage of Pseudoplusia includens. M. demolitor eggs are never encapsulated by host haemocytes when coinfected with its associated polydnavirus (MdPDV) whereas eggs are encapsulated within 36 h when injected into hosts without virus. In this study, infection of specific classes of P. includens haemocytes by MdPDV was examined. Electron microscopic studies indicated that MdPDV entered all haemocyte morphotypes. Northern blot analysis revealed that similar size classes of viral mRNAs were produced in granular cells, plasmatocytes and spherule cells. Expression of a 1.6kb MdPDV mRNA in haemocytes from parasitized hosts was detectable by in situ hybridization at 2 h post-parasitism (p.p.) and continued through until day 6 p.p. By 12 h p.p., viral expression was detected in greater than 80% of the haemocytes in circulation but thereafter the percentage ofhaemocytes exhibiting a hybridization signal declined. Similar patterns were observed in haemocytes from larvae injected with calyx fluid or MdPDV plus venom. Granular cells and plasmatocytes from unparasitized larvae were purified on Percoll cushions and maintained in vitro. Both morphotypes were successfully infected with MdPDV and exhibited changes in morphology and adhesiveness very similar to cells from parasitized hosts.
Introduction
The cellular immune system of insects usually kills metazoan parasites by encapsulation, a process in which the parasite is recognized as foreign and then is enveloped by confluent layers of blood cells (haemocytes) (Salt, 1968; Lackie, 1988) . Parasites have evolved a variety of counteradaptations for avoiding encapsulation in their natural hosts (Vinson, 1990; Strand & Pech, 1995) . One of the most unusual strategies is found among parasitic wasps that carry polydnaviruses, a family of viruses distinguished by polydisperse DNA genomes Fleming, 1992) .
The Polydnaviridae are associated exclusively with certain species of wasps in the families Braconidae and Ichneumonidae, forming, unofficially, the braco-and ichnovirus groups respectively. Braco-and ichnoviruses differ in morphology but appear to share a common genomic organization and life cycle. The DNAs of ichnoviruses are integrated into the genome of male and female wasps and are transmitted vertically as an endogenous provirus (Fleming & Summers, 1986 .
Whether bracoviruses are also transmitted vertically is unknown, although genetic studies with Cotesia melanosceta are consistent with chromosomal inheritance (Xu & Stoltz, 1991) . Viral replication occurs only in females in a specific region of the ovaries called the calyx. Encapsidated virus is then stored in the lumen of the reproductive tract forming a suspension of virus and protein called calyx fluid (Stoltz & Vinson, 1979) . Female wasps inject calyx fluid and one or more eggs when ovipositing into a host. Viral DNAs then enter host cells with transcription, in the apparent absence of replication, occurring over the period required for the wasp's progeny to complete their development (Fleming et al., 1983; Theilmann & Summers, 1986; Stoltz et al., 1988 , Blissard et al., 1989 Webb & Summers, 1990; Strand et al., 1992) .
Microplitis demolitor is a braconid wasp that parasitizes the larval stage of several moth species including Pseudoplusia includens (Lepidoptera: Noctuidae) (Strand & Wong, 1991; Strand & Dover, 1991) . We previously reported that M. demolitor eggs are never encapsulated when its associated polydnavirus, MdPDV, is injected into P. includens whereas eggs are encapsulated within 36 h when injected into hosts without virus (Strand & Noda, 1991 ; Strand & Wong, 1991) . Wasp eggs are also encapsulated when co-injected with MdPDV that is pretreated in situ with psoralen and u.v. light, suggesting that one or more viral gene products is responsible for disruption of the host immune response. MdPDVspecific mRNAs are detectable in several host tissues, including haemocytes, 4 h after oviposition with expression continuing throughout the 6 day period needed for the wasp's offspring to complete larval development (Strand et al., 1992) .
Haemocytes of insects are divided into several cell types on the basis of morphology. Five haemocyte morphotypes are present in P. includens and most other Lepidoptera: plasmatocytes, granular cells, spherule cells, oenocytoids and prohaemocytes (Strand & Noda, 1991) . Plasmatocytes and granular cells are the primary morphotypes responsible for capsule formation (Lackie, 1988) . These morphotypes spread rapidly on foreign surfaces in vitro when collected from unparasitized P. includens larvae but remain nonadhesive and are unable to form a capsule when collected from parasitized or MdPDV-injected larvae (Strand & Noda, 1991 ; Pech et al., 1994) . It is unknown, however, for M. demolitor or any other polydnavirus-carrying wasp whether these alterations are due to direct infection of haemocytes or to virally induced humoral factors in plasma that inhibit haemocyte spreading (Stoltz, 1993) .
In this study, we report that MdPDV infects all haemocyte morphotypes of P. includens. Monitoring expression of an abundant 1.6 kb MdPDV mRNA by in situ hybridization indicated that greater than 80 % of host haemocytes contained transcriptionally active MdPDV 12 h post-parasitism (p.p.) but thereafter the percentage of cells expressing this transcript declined. Both granular cells and plasmatocytes exhibited pronounced alterations in spreading behaviour when infected in vitro with MdPDV, suggesting that disruption of encapsulation in parasitized hosts is due primarily to direct infection of capsule-forming haemocytes by virus.
Methods
Insects. P. includens larvae were reared and staged, as described previously, in 30 ml plastic cups with paper lids at 27 _+ 1 °C and a 16L: 8D photoperiod (Strand, 1990) . Moths were fed a 20% sucrose solution. M. denwlitor was reared at 27_+l °C and a 16L: 8D photoperiod as outlined by Strand & Wong (1991) . For in vivo experiments, P. includens were 12 h-old 4th stadium larvae when parasitized or injected with wasp components. For in vitro experiments, haemocytes were collected from 36 to 48 h-old 5th stadium larvae.
Calyx fluid collection and virus purification. Calyx fluid and venom were collected from wasps by established methods with quantities of calyx fluid, MdPDV and venom used in experiments expressed as wasp equivalents (Strand & Noda, 1991) . MdPDV was purified on sucrose gradients as described previously (Strand et aL, 1992) . Viral DNA extracted directly from calyx fluid is only minimally contaminated with wasp genomic DNA; thus we found in blotting experiments described here that identical results were obtained using either purified virus or calyx fluid. To inactivate viral DNA, purified MdPDV was treated with trioxsalen (4, 5, 8-trimethylpsoralen) (Sigma) and exposed to longwavelength u.v. light (Cook et al., 1984; Strand & Noda, 1991) .
Electron microscopy. For electron microscopy, 1 × 105 haemocytes were collected from unparasitized P. includens larvae and incubated at 25 °C in microfuge tubes containing Ex-cell 400 medium (JRH Scientific) and 0.5 wasp equivalents of calyx fluid plus venom. Samples were then processed at serial time points after infection as described by Strand et al. (1986) and examined in a Phillips 410 electron microscope.
Haemocyte collection, purification and infection with MdPD V. For in vivo experiments, P. includens larvae were either parasitized or injected with 0.02 wasp equivalents of calyx fluid plus venom, a dose determined previously to be the average amount of MdPDV injected by a female during oviposition (Strand & Noda, 1991 ; Strand et al., 1992) . Other larvae were injected with either 0.1 equivalents of purified MdPDV plus venom, psoralin-treated MdPDV plus venom, venom alone or saline. Although venom itself does not affect host development or haemocyte behaviour, its presence synergizes the effects of MdPDV (Strand & Noda, 1991; Strand & Dover, 1991) ; a feature noted with other bracoviruses (Stoltz, 1993) . For injections, larvae were anesthetized with CO 2 and injected through a proleg using a glass needle mounted on a micromanipulator. Haemocytes were then collected various times p.p. or post-injection by bleeding from a proleg.
In unparasitized P. includens, granular cells, plasmatocytes and spherule cells are the most abundant morphotypes, accounting for 64%, 28% and 4%, respectively of the total haemocyte population (Strand & Noda, 1991) . For in vitro experiments, haemocytes were collected from unparasitized P. includens larvae and used as an unseparated population of cells or individual morphotypes were purified on Percoll cushions (Pech et al., 1994) . Briefly, 5 to 8 5th stadium larvae were anaesthetized with CO~, surface sterilized with 75 % ethanol, and bled from a proleg directly into 500 ~tl of ice-cold anticoagulant buffer (0.098 M-NaOH, 0.186 M-NaCI, 0.017 M-EDTA and 0-041 M-citric acid pH 4,5). The pooled haemolymph was transferred to a 1.8 ml microfuge tube and diluted to 1.5 ml with cold anticoagulant solution. The haemocyte suspension was then washed three times in anticoagulant and the cells were pelleted by centrifugation at 250g. The final pellet of haemocytes was resuspended at a concentration of 3.0 × 106 to 35 × 106 cells/ml in Ex-cell 400 medium.
To purify plasmatocytes, granular cells or spherule cells, total haemocytes were loaded onto 50% Percoll cushions formed in sterile, 12 × 75 mm round-bottom polystyrene tubes to a total volume of 4 ml. Cells were spun for 15 rain at 480 g using a Beckman JS-7.5 swinging bucket rotor and Beckman J2-21 centrifuge. The upper fraction consisted of granular cells and the lower fraction contained the other morphotypes. Plasmatocytes and spherule cells were purified by placing the lower fraction on a 63 % Percoll cushion and centrifuging as described previously. After centrifugation, cells were collected and rinsed free of Percoll by centrifugation (250 g) in three volumes of Excell 400 medium (800 ~al). Cells were identified by phase-contrast or Hoffman modulation-contrast microscopy using a Nikon inverted microscope. The granular and spherule cells were greater than 99 % pure whereas plasmatocytes were greater than 95 % pure (Pech et al., 1994) .
Cell-free plasma from unparasitized or parasitized larvae was prepared by collecting haemolymph into an equal volume of ice-cold Ex-Cell 400 medium containing 10 mM-reduced glutathione (Sigma) (Pech et al., 1994) . Haemocytes were removed by centrifugation for 5 min at 2000 g in an Eppendorf 5415C centrifuge, resulting in a 50% IP: 54.70.40.11
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To infect cells in vitro, haemocytes were cultured (1 x 105 cells/wefl) in 70 gl of Ex-cetl 400 medium containing 1.0 to 0.00l wasp equivalents of calyx fluid or purified MdPDV plus venom. After a 4 h adsorption period the medium was removed, the cells were rinsed gently with three volumes of fresh medium and then cultured in Ex-cell 400 medium supplemented with 5 % chicken serum. Cells were observed at regular intervals by Hoffman modulation-or phase-contrast microscopy using a Nikon Diophot microscope. Uninfected cells or cells incubated for 4 h with 05 wasp equivalents of psoralin-treated virus plus venom, or venom alone served as controls.
Assay for cell spreading. Spreading of granular cells or plasmatocytes was characterized by established bioassay (Pech et al., 1994) . Cells (1 x 105 per well) were maintained in 96-well culture plates (Corning) containing 70 gl of Ex-cell 400 medium plus 5 % chicken serum or cellfree plasma. Cells from all treatments were maintained at 27 °C in a humidified incubator. One hundred cells from a randomly selected field of view were examined by phase-content microscopy on a Nikon TMS inverted microscope and the percentage of cells that spread was recorded. Cells in three wells were counted at each time point and each treatment was replicated in triplicate from three independent collections of haemocytes. Granular cells were scored as spread when they became flattened, phase-dark, and attained a diameter of 20 to 28 gm. Plasmatocytes were scored as spread when they developed a flattened, phase-dark, fibroblastic morphology and were >~ 35 gm along their longest axis. When cell spreading in mixed populations was assayed, the results were normalized to 100% of the cell type being observed. Haemocyte viability was assessed at regular intervals by dye exclusion assay using propidium iodide (Strand & Wong, 1991) .
Gel electrophoresis and blot hybridization. For analysis of MdPDV expression in haemocytes infected in vivo, cells were collected and purified from P. includens larvae 12 h p.p. by M. demolitor. Haemocytes from unparasitized larvae served as a control. Total RNA from samples was isolated by placing cells in an equal volume of phenol-chloroform and lysis buffer (0.5 % SDS, 0.20 M-NaC1, 25 mM-EDTA pH 8"0) and extracting as outlined by Sambrook et al. (1989) . For some samples, total RNA was treated with DNAseI as described by Ausubel et al. (1989) . The integrity of samples was confirmed by visualization of ribosomal RNA on 1-2% agarose formaldehyde gels. Purified RNA was stored in diethylpyrocarbonate-treated H20 at -80 °C, Northern blots were probed with total MdPDV DNA or with the MdPDV-specific cDNA MdPi572. This cDNA was isolated from a P. includens cDNA library (24 h post-injection with MdPDV) and recognizes a 572bp sequence from the coding region and 3' untranslated sequence of a 1.6 kb MdPDV mRNA expressed in P. includens haemocytes (M. R. Strand et al., unpublished data) . MdPDV DNAs were labelled by random priming (Sambrook et al., 1989) in the presence of [a2P]dCTP (400 Ci/mmol; Amersham). MdPi572, cloned by blunt-end ligation into the SmaI site of pGEM3Z (Promega), was gel purified and vector-free insert was also labelled by random priming. For Northern blots, total RNA from P. includens haemocytes was size fractionated on 6 % formaldehyde, 1.0 % agarose gels and transferred to nylon in 10 × SSC (Sambrook et al., 1989) . Filters were prehybridized for 4h at 68°C in 5× SSC, 1.0% SDS and 10× Denhardt's, followed by hybridization with 1 × l0 s c.p.m, of probe per ml overnight. Filters were washed in 0.1 × SSC, 1.0 % SDS at 68 °C and autoradiography was performed using Kodak X-Omat film with an intensifying screen at -80 °C. For Southern blot hybridizations, MdPDV DNAs were size fractionated on 1% agarose gels, transferred to nylon and probed with 3~P-labelled MdPi572. Hybridization conditions were the same as those described for Northern blots.
In situ hybridizations. The spatial and temporal pattern of the 1"6 kb MdPDV mRNA was further examined by in situ hybridization using digoxigenin-labelled MdPi572 as a probe. MdPi572 was gel purified and labelled by random priming in the presence of digoxigenin dUTP and a commercially available kit (Genius, Boehringer-Mannheim). Probe concentration was determined by slot blot analysis against a known standard according to the manufacturer's instructions. In situ hybridization conditions were as outlined by Tautz & Pfeifle (1989) with some modifications. Briefly, haemocytes from normal, parasitized or injected larvae were placed in 60-well culture plates containing 70 pl of Excell-400 medium at a density of 0-5 x 104 to 2.0 x 104 cells/well. The ceils were allowed to settle for 15 min and then fixed for 20 min with an equal volume of 20 % formalin, 50 mM-EGTA in PBS. Other modifications included incubation of cells in 50 gg/ml Proteinase K for only 2 min and hybridization with 0' 1 gg/ml of digoxigenin-labelled probe for 36 h at 48 °C. Pretreatment of cells with Proteinase K for this period was essential since failure to do so greatly reduced sensitivity whereas overtreatment adversely affected cell morphology. Washed cells were incubated for 1 h at room temperature with 1:2000 antidigoxigenin conjugate in PBT (PBS plus 0.1% Tween) and visualized with NBT and X-phosphate solution. Colour development was observed under low light with an inverted microscope and the reaction was stopped with PBT. A haemocyte was scored as positive if it had a purple cytoplasm and nucleus and negative if it had no colour when examined by brightfield light microscopy. Controls included omission of probe or secondary antibody. Haemocytes infected in vitro with MdPDV were processed similarly.
Results

Infection of haemocytes by MdPDV
Granular cells, plasmatocytes and spherule cells of P.
includens were identified at the ultrastructural level on the basis of their characteristic morphologies (Strand & Noda, 1991; Pech et al., 1994) . Granular cells were spherical to oval, 6 to 8 Jam in diameter with abundant rough endoplasmic reticulum (RER) and a rounded or bean-shaped nucleus (Fig. 1 a) . Two types of granules were present in the cytoplasm, electron dense granules with no substructure and slightly electron-dense granules with a microtubular substructure. Plasmatocytes were spheroidal, 10 to 14 gm along their longest axis with protoplasmic extensions from the plasma membrane, abundant RER forming cisternae and variably shaped nuclei ( Fig. 1 b) . Spherule cells were rounded, 5 to 8 gm in diameter with large granules possessing a microtubular substructure distributed throughout the cytoplasm (Fig.   1 c) .
Examination by electron microscopy indicated that MdPDV infected each of these haemocyte morphotypes. The time course of infection presented in Fig. 2 is for granular cells, but similar events were observed in plasmatocytes and spherule cells. Within 15 min of infection, virions became attached to the cell plasma membrane by the protrusion of the unit membrane opposite the nucleocapsid (Fig. 2a ). Viral nucleocapsids entered haemocytes 30 to 45 min post-infection (p.i.), apparently by endocytosis, simultaneously appearing to lose the enveloping membrane ( Fig. 2b ). Vesicles containing virus were present in the cytoplasm (Fig. 2 c) by 1 h and empty nucleocapsids were observed in association with nuclear pores by 1.5 to 2 h (Fig. 2d ). Groups ofvirions were occasionally observed in granular cells in what appeared to be endosomes ( Fig. 2e ). These structures were not observed in other haemocyte morphotypes.
Expression of MdPD V in granular cells, plasmatocytes and spherule cells
Previous study indicated that at least six different size classes of MdPDV mRNAs were detectable in mixed populations of P. includens haemocytes 4 h to 6 days p.p. (Strand et al., 1992) . To determine whether MdPDV expression occurred in each of the major haemocyte morphotypes (granular cells, plasmatocytes and spherule cells), cells from P. includens larvae (12 h p.p.) were purified on Percoll cushions and their RNA extracted. 32P-labelled MdPDV DNA hybridized on Northern blots to the same size classes of mRNAs in each cell morphotype but hybridization was not detected between MdPDV D N A and haemocyte RNAs from unparasitized larvae ( Fig. 3 ). Messenger RNAs of 1-6 and 3"3 kb were the most abundant MdPDV-specific transcripts detected in each haemocyte morphotype. The same size classes of mRNAs were observed when total RNA from unseparated haemocytes was treated with DNase ( Fig. 3) . The specificity of MdPi572 for MdPDV-specific sequences was confirmed prior to use of this probe in in situ hybridization studies. 32P-labelled MdPi572 hybridized to MdPDV DNAs O and K (Strand et al., 1992) on Southern blots and to the 1.6 kb m R N A on Northern blots of RNAs from haemocytes of parasitized larvae ( Fig. 4 ). MdPi572 hybridized with the 1.6 kb m R N A in host haemocytes over the 6 days associated with parasitisms by M. demolitor but never hybridized to haemocyte RNAs from unparasitized larvae (data not presented).
In situ hybridization
To assess how the percentage of haemocytes containing transcriptionally active MdPDV varies during the course of parasitism, expression of the 1.6 kb MdPDV m R N A was examined by in situ hybridization using MdPi572 as Fig. 1 . Electron micrographs of the major haemocyte morphotypes of P. includens. In (a), a granular cell is shown with bean-shaped nucleus (N) and abundant rough endoplasmic reticulum (RER). Electrondense (EG) and slightly electron dense (SG) granules are distributed throughout the cytoplasm. Bar marker represents 1 tam. In (b), a plasmatocyte is shown with characteristic cisternae throughout the cytoplasm (arrows). Bar marker represents 2 tam. In (e), a spherule cell is presented with its large cytoplasmic granules (CG) clearly visible. Bar marker represents 1 tam. a probe ( Fig. 5 and 6 ). Initially, haemocytes were collected from parasitized, injected or unparasitized larvae at regular intervals and probed. The data presented in Fig. 5 (a) are the means for the total mixed population of haemocytes collected at regular intervals from individual larvae. No positive cells were detected in parasitized larvae at 0 or 30 min p.p. but approximately 20% of cells were positive at 2 h p.p. (Fig. 5a ). From 4 to 24 h p.p., more than 80 % of haemocytes were positive but thereafter the percentage of stained cells declined through to 6 days p.p. (Fig. 5a and 6a) . Similar trends were observed for haemocytes collected from hosts injected with 0.02 wasp equivalents of calyx fluid plus venom or 0.1 equivalent of M d P D V plus venom. In contrast, haemocytes from unparasitized larvae or larvae injected with venom alone were negative at all time points ( Fig. 5a and 6b ). No hybridization signal was detected in haemocytes from parasitized larvae or larvae injected with calyx fluid plus venom when either the probe or anti-digoxigenin antibody was omitted from the hybridization protocol (negative controls; data not shown).
Persistence and expression of polydnavirus
When haemocytes from parasitized hosts were categorized by morphotype, some differences were noted in the percentage of granular cells, plasmatocytes and spherule cells exhibiting a hybridization signal (Fig. 5b) . For example, more than 80% of plasmatocytes and granular cells exhibited a hybridization signal at 6 h p.p. whereas only 52 % of spherule cells stained positively at the same time point. The percentage of positively stained granular cells and plasmatocytes declined after 24 h whereas the percentage of spherule cells that were IP: 54.70.40.11
On: Thu, 20 Dec 2018 21:09:04 . The blots were exposed to Kodak X-ray film using an intensifying screen at -8 0 °C for 4 days. positive remained relatively constant over the same period (Fig. 5b) . The percentage of oenocytoids and prohaemocytes that were positive was not quantified during the study owing to their low abundance in P. includens. However, positive cells of both morphotypes were observed from parasitized larvae and larvae injected with calyx fluid or MdPDV plus venom.
Infection of P. includens haemocytes in vitro
To determine whether P. includens haemocytes could be infected with MdPDV in vitro, we cultured Percollpurified granular cells and plasmatocytes from unparasitized larvae in medium containing calyx fluid or MdPDV plus venom. Cells were then fixed at designated intervals and hybridized in situ with MdPi572. The percentage of cells exhibiting a hybridization signal was dose-dependently related to the amount of calyx fluid or MdPDV plus venom present in the medium ( Fig. 6c to g, Fig. 7 ). Greater than 95% of cells exhibited a hybridization signal 6 h p.i. when incubated with 0.5 or greater wasp equivalents of calyx fluid plus venom whereas approximately 80 % of cells were positive when incubated with 1.0 equivalent of MdPDV plus venom. Presumably, the lower level of infectivity associated with purified MdPDV was due to some virus becoming nonviable The blots were exposed to Kodak X-ray film using an intensifying screen at -80 °C for 5 days.
during purification or potentially non-viral components in calyx fluid stabilizing the virus. No hybridization signal was detected in uninfected haemocytes or haemocytes incubated with venom alone ( Fig. 5 d and f) .
Spreading of granular cells and plasmatoeytes is altered by MdPD V in vitro
Since granular cells and plasmatocytes from parasitized larvae exhibit altered spreading behaviour (Strand & Noda, 1991) , I hypothesized that cells infected in vitro would also exhibit altered spreading if these changes were due to direct infection by MdPDV. Purified granular cells and plasmatocytes from unparasitized larvae were infected in vitro using calyx fluid plus venom and their spreading behaviour was observed at regular intervals. Both granular cells and plasmatocytes spread rapidly and remained attached to the surface of culture plates over the course of the experiment when cultured in medium alone or medium containing 1 . No haemocytes from unparasitized larvae (X) or larvae injected with venom exhibited a hybridization signal at any timepoint sampled during the experiment. The results obtained with control parasitized larvae (0) are also shown. In (b) the mean percentage_+ s.o. for each major morphotype from parasitized larvae that hybridized with MdPi572 are plotted. These values were determined from the same samples used in plotting the data for parasitized larvae presented in (a). Symbols: granular cells (0); plasmatocytes (C)) and spherule cells (E]). and plasmatocytes also spread rapidly when first placed in vitro with 0"5 wasp equivalent of calyx fluid plus venom or 1.0 equivalent of MdPDV plus venom, but subsequently exhibited distinct alterations in spreading behaviour ( Fig. 8 and 9 ). Granular cells began to detach from the plate surface by 12 h p.i. and most were rounded and unattached by 18 h p.i. Many granular cells were also observed to bleb after detaching from the surface of the plate, forming small membrane-bound bodies (Fig. 9c) . Plasmatocytes began to detach at approximately 18 h p.i., changing from a typical fibroblastic morphology to elongated cells with a bipolar or spindle-shaped morphology. By 36 h p.i. most plasmatocytes were detached from the surface of the plate (Fig.  9d) . The effects of purified MdPDV plus venom were similar to the effects of calyx fluid (data not shown).
These effects were abolished, however, by pretreatment of virus with psoralen and ultraviolet light (data not shown). Under these conditions both morphotypes remained spread and were identical in appearance to uninfected haemocytes. Throughout these experiments, granular cells remained viable as measured by dye exclusion through 30 h p.i., even after detaching from the plate and forming membrane-bound bodies. Plasmatocytes infected with MdPDV remained viable through 48 h p.i. despite the changes in morphology and adhesiveness.
Effect of plasma on spreading of granular cells and plasmatocytes
The possibility existed that inhibition of haemocyte spreading in parasitized hosts is also affected by factors present in cell-free plasma. To address this question, I examined whether spreading of haemocytes from parasitized larvae could be rescued by plasma from unparasitized larvae and, reciprocally, whether spreading of haemocytes from unparasitized larvae was affected by plasma from parasitized larvae. Haemocytes collected from larvae 12 h p.p. were cultured in medium supplemented with plasma from unparasitized larvae at a range of concentrations (5 to 50 %). Granular cells or plasmatocytes did not spread under these conditions over a 36 h period of observation (data not presented). In contrast, plasma from parasitized larvae had a variable effect on spreading of haemocytes from unparasitized larvae. Granular cells and plasmatocytes spread rapidly in medium supplemented with plasma from larvae 1 or 4 days p.p. Cells in 1 day p.p. plasma, however, subsequently detached and assumed a morphology similar to cells infected with MdPDV in vitro whereas cells in 4 day plasma remained spread over the course of the experiment. Most haemocytes never became attached or spread on culture plates when cultured in medium supplemented with 7 day p.p. plasma (data not shown).
In situ hybridization experiments indicated that haemocytes from unparasitized larvae displayed a positive hybridization signal with digoxigenin-labelled MdPi572 when cultured in medium supplemented with plasma from larvae 6 to 24h p.p., whereas almost no cells stained positively when cultured in plasma from larvae 48 to 192 h p.p. (Fig. 10 ).
Discussion
Suppression of the host encapsulation response by a polydnavirus was first described by Edson et al. (1981) and was later attributed to alterations in the adhesive properties of plasmatocytes and/or granular cells (Stoltz & Guzo, 1986; Davies et al., 1987; Wago & Tanaka, 1989; Strand & Noda, 1991) . It has remained unclear, however, whether these changes are due to (i) direct infection of all or only certain types of haemocytes or (ii) infection of other tissues, resulting in viral or virally induced factors that inhibit haemocyte spreading being released into the haemolymph (Davies & Siva-Jothy, 1991; Stoltz, 1993) . A key problem in resolving this question has been the difficulty of conducting experiments outside of the host. Relatively small numbers of haemocytes are present in parasitized hosts and the labile nature of insect haemocytes generally has significantly hindered efforts to isolate or maintain individual morphotypes in vitro (Rowley & Ratcliffe, 1981; Lackie, 1988; Strand & Pech, 1994) . In addition, since polydnaviruses apparently do not replicate in the wasp's host, traditional methods of monitoring infectivity, such as plaque assays, are not applicable. These issues were addressed in the current study by combining newly developed methods for purifying haemocytes of P. includens (Pech et al., 1994) with identifying infected target cells by electron microscopy and in situ hybridization.
The results of the current study indicate that MdPDV mediates the inhibition of spreading by granular cells and plasmatocytes (Strand & Noda, 1991) . It is clear that virus acts directly on these cell morphotypes, since the infection of haemocytes in vitro contained only purified populations of granular or plasmatocytes and calyx fluid or MdPDV plus venom. Venom alone did not alter haemocyte adhesion and the effects of MdPDV on granular cells and plasmatocytes in vitro paralleled the changes described previously in these cells following parasitism or injection of virus into P. includens larvae (Strand & Noda, 1991; Strand & Wong, 1991) . Both in vivo and in vitro, granular cells become rounded and nonadhesive whereas plasmatocytes assume an elongated or bipolar morphology, also losing the ability to adhere to themselves and foreign surfaces. This loss of adhesive capability interferes with the ability of granular cells and plasmatocytes to participate in encapsulation of foreign targets, assuring that the M. demolitor egg or larva is able to complete its development.
Based upon these results, I suggest that the loss of haemocyte adhesiveness is due primarily to transcription by MdPDV within the cell itself. Electron microscopic observations clearly indicate that MdPDV enters granular cells and plasmatocytes and in situ hybridization studies confirmed that the majority of haemocytes in parasitized or MdPDV-injected larvae contain transcriptionally active virus. Furthermore, inactivation of virus using psoralen and u.v. light abrogates the effects of MdPDV on haemocytes in vivo and in vitro. For this study, a 1.6 kb transcript was selected for monitoring MdPDV expression because blotting experiments, conducted previously (Strand et al., 1992) and during the current study, indicated it is transcribed in haemocytes from 4 h to 6 days p.p. I recognize that expression of other MdPDV mRNAs may differ and that some cells may be infected without expressing any viral transcripts. Nonetheless, these results provide an important insight into the spatial and temporal pattern of MdPDV expression in haemocytes during parasitism and confirm that P. includens haemocytes can be maintained and successfully infected with MdPDV in vitro.
MdPDV particles attached to the basement membrane of haemocytes by the protrusion of the enveloping membrane opposite the nucleocapsid (Strand et al., 1992) , followed by entry within a coated vesicle or multivesicular body. By 2 h p.p., capsids were always associated with nuclear pores. These observations are consistent in some respects with previous observations but differ in others. For example, the comparative studies o f Stoltz & Vinson (1979) reported that nucleocapsids o f bracoviruses from wasps in the genus Cotesia ( = Apanteles) were associated specifically with nuclear pores of host cells while ichnoviruses from Campoletis sonorensis and Hyposoter fugitivus entered the cell nucleus intact. Conversely, these same bracoviruses appeared to enter host cells by membrane fusion whereas the ichnoviruses penetrated the basement membrane with loss of the virion's outer envelope. Combined with the observations reported here, these results indicate that both braco-and ichnovirus nucleocapsids ultimately associate with nuclear pores, but entry into host cells varies. As reported in other studies (summarized by Fleming, 1992; Stoltz, 1993) , there is no evidence of M d P D V replication in any cell type of P. includens (Strand et al., 1992) .
The delayed loss o f adhesion in granular cells and plasmatocytes infected in vitro with M d P D V is likely to be due to haemocytes from unparasitized larvae spread-ing within 1 h when first placed into culture (Pech et al., 1994) . This resulted in cells that were fully spread prior to transcription by MdPDV. Both morphotypes subsequently detached from plates, however, assuming morphologies very similar to cells from parasitized larvae. Cells exhibited similar alterations whether in mixed or purified populations, suggesting that the effects of MdPDV were not due to one haemocyte morphotype affecting the adhesion of another. It is possible, however, that some effects of MdPDV could be due to the release of factors from cells as they detached from the plate's surface and dissociated.
Some changes in spreading behaviour were also observed when haemocytes from unparasitized larvae were incubated with plasma from parasitized larvae. The effects of 24 h p.p. plasma is attributable to the presence of MdPDV since a large percentage of cells hybridized with MdPi572. The infectivity of 24 h p.p. plasma is also more likely to be due to the persistence ofvirions injected into the host by M. demolitor than replication in the host, since plasma collected from larvae 36 h or more p.p. was not infectious. As expected from the lack of infectivity, haemocytes readily spread in plasma from larvae 4 days p.p. yet, contrary to expectation, cells did not spread in 7 day p.p. plasma. Since plasma from unparasitized P. includens enhances haemocyte spreading in vitro (Pech et al., 1994) , the absence of spreading activity in plasma from 7 day p.p. larvae could be due to the depletion of spreading factors, the presence of inhibitory factors of host origin, or the export of virally-encoded proteins into the plasma. A small number of cytokines have been reported to influence the spreading behaviour of insect haemocytes (Cherbas, 1973; Ratner& Vinson, 1983; Chain & Anderson, 1983; Beck et al., 1989; Strand & Pech, 1995) , but the effects of parasitism on these factors is unknown.
Changes in haemocyte spreading after parasitism or injection of calyx fluid or polydnavirus have been reported for other parasitoid-host relationships but with no consensus on whether alterations are due to the direct infection of haemocytes (Stoltz, 1993) . For example, Davies et al. (1987) reported that inhibition of spreading by plasmatocytes from Heliothis virescens did not depend on direct exposure to ichnovirus from Campoletis sonorensis since cells incubated in vitro with virus exhibited no behavioural changes whereas cells cultured in plasma from parasitized larvae did. Moreover, related studies suggest the possibility that venom or ovarian proteins from C. sonorensis may also play a role in transiently affecting host haemocytes during the first few hours of parasitism (Webb & Summers, 1990; Dib-Hajj et al., 1993) . In contrast, Wago & Tanaka (1989) suggested a direct effect of calyx fluid and venom on the haemocytes of Pseudolatia separata by bracovirus from Apanteles kariyai. Our experience with P. includens larvae suggests that the in vitro conditions used by Davies et al. (1987) would not permit haemocytes to remain viable long enough to assess the direct effects of virus, and that plasma used in some experiments could have contained virions. Yet, the results reported here with 7 day p.p. plasma are very similar to those of Davies et al. (1987) . It is difficult to assess what role 7 day p.p. plasma has on successful parasitism, since at this late stage of development M. demolitor would not be susceptible to encapsulation. Nonetheless, alterations in humoral components or presence of viral proteins in plasma cannot be excluded from playing a role in immunosuppression during parasitism by M. demolitor.
An important issue in the abrogation of host immunity by braconids is the interaction of polydnaviruses and venom. In some species, both calyx fluid and venom are reported to be necessary to inhibit the encapsulation responses (Stoltz & Cook, 1983; Guzo & Stoltz, 1985 , 1987 Kitano, 1986; Tanaka, 1987; Tanaka et al., 1987) whereas in a few species either calyx fluid or polydnavirus alone is sufficient to cause alterations in phenoloxidase activity or haemolymph proteins (Beckage et al., 1990) . Venom from M. demolitor does not inhibit spreading of P. includens haemocytes but dose-response studies conducted previously indicated that larger dosages of MdPDV were necessary to produce the same effect as MdPDV plus venom (Strand & Noda, 1991; Strand & Dover, 1991) . Stoltz et al. (1988) suggested that venom may facilitate the entry of bracoviruses into host cells, possibly permitting wasps to successfully parasitize hosts with a smaller dose of virus than would be possible in the absence of venom.
The effect of MdPDV on granular cell/plasmatocyte adhesion in vitro closely mimics that of haemocytes from parasitized hosts (Strand & Noda, 1991) . The accumulation of cellular fragments and membrane-bound bodies in the culture medium also mimics the accumulation of cellular debris found in the haemolymph of parasitized or virus-injected P. includens. This orderly loss of adhesion and subsequent accumulation of debris in purified populations of granular cells depends on the haemocytes remaining viable, since throughout these events both morphotypes excluded propidium iodide. As far as I am aware, this is the first study documenting the course of polydnavirus expression in capsule-forming haemocytes and the ability to infect and maintain haemocytes in vitro after inoculation with virus. These approaches, combined with characterization of specific viral transcripts, will permit more careful characterization of this immunosuppression in future studies. I express my appreciation to D. McKenzie, T. Noda, L. Pech and D. Trudeau for their assistance and comments during the study. This
